Abstract-The self-broadening rate coefficients of the cesium D, (62Sy2-6'P1,2] and D, [62S,!,-62P,j2] resonance lines are determined from the 6'P,,, + 6*D,,,,, 6 P,,, + 72D,,, and 62P,:2 -+ 72DSiz transition lineshapes, which are mapped out using single-mode cw lasers. The self-broadening rates are found from Voigt function fits (including hyperfine structure) to the experimental lineshapes. Our measured D, and D, broadening coefficients, kbr(D,) = (5.7 & 1.0) x IO-' cm3 set-' and kbr(DZ) = (6.7 f 1.1) x lo-' cm3 set-I, are compared to previous experimental and theoretical values in the literature. The present D2 broadening coefficient is smaller, and the D, broadening coefficient is larger, than theoretical values.
I. INTRODUCTION
The study of pressure broadening of spectral lines provides information on fundamental atom-atom interactions and tests theoretical models of collisional broadening and calculated long-range potentials. Resonance broadening has been studied by measurements of absorption coefficients in the wings of resonance lines,1-8 and by observing transitions between resonance levels and more highly excited states. 9-'2 Recently, the cesium resonance broadening rates have been measured using Doppler-free selective reflection techniques, 13.14 although there is some ambiguity as to how the linewidth measured using this technique relates to the full-width-half-maximum of the absorption lineshape function k,. Huennekens and Gallagher measured the resonance broadening rate coefficients for sodium by spectral separation of Rayleigh and fluorescence light, coupled with an independent calibration of the ground state density based on measurements of absolute line-center and line-wing absorption coefficients. I5 Their measurements agreed, to within . the estimated 15% experimental uncertainties, with calculations from the resonance broadening theories of Carrington, Stacey, and Cooper,16 Ah and Griem," and Reck et al's Other predictions from these theoretical models, involving J = 0 to J = 1 transitions, have also been experimentally verified to within 5-10%. '9 In our lab we have observed a systematic discrepancy, in the case of cesium in sealed vacuum cells, between densities obtained from vapor pressure formulas and equivalent-width measurements based upon the theoretical broadening rates of Carrington, Stacey, and Cooper.'6 (These theoretical broadening rates were found to be reliable in the similar case of sodium.) This discrepancy, which could be as much as 50% in the temperature range 25-2OO"C, implies either that the theoretical broadening rates are wrong, that the vapor pressure formulas are not accurate in this temperature range, or that the temperature of the liquid metal reservoir was not being measured accurately with a single thermocouple attached to the outside of the cell wall. Previous experiments measuring the resonance broadening rate coefficients in cesium were performed in absorption" or in selective reflection'3~'4 and they all relied on density measurements from vapor pressure formulas. Some of these measurements yield results which also disagree with the theoretical broadening rates. One complication in the interpretation of this situation is that different types of measurements probe different regions of the line. In the far wings of the line, i.e., for Ao >> l/r, where t, is the tPrescnt address: NIST, Building 220, Room B206, Gaithersburg, MD 20899, U.S.A. $To whom all correspondence should be addressed.
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768 Z. J. Jabbour et al collision duration, the quasi-static theory is valid. The line core region is described by the imp.act approximation which is valid for detunings which satisfy Ao << l/t,. Thus the two regimes are formally divided by the Weisskopf frequency Aw, N l/tc which is 3.54.5 x 10" set-' for self-broadening of the cesium resonance lines. 2o Previous absorption measurements"' have provided information on the line wings. Such experiments actually measure an effective C, coefficient which can be formally related to the line core broadening parameter kbr. However, discrepancies between broadening rates measured in the line wings and line core certainly can exist. In addition, the large hyperfine structure of cesium (particularly the ground F = 3-F = 4 level splitting of 9.192 GHz)~' can contribute to the apparent broadening of the line. To the best of our knowledge, only the selective reflection measurements of resonance broadening in cesium have taken hyperfine structure into account, since the individual hyperfine components are resolved in that case.'3y'4 -5000 L For these reasons we decided to measure the impact-regime cesium resonance broadening rates under conditions where the cell temperature could be accurately monitored at a number of positions along the cell body. In addition, the method of analysis would allow the full hyperfine structure to be taken into account.
In this experiment, we measured the broadening rates of transitions between the resonance levels and more highly excited states. A diagram showing the relevant energy levels of cesium is given in Fig. 1 . A single-mode cw laser operating at 755 or 8 16 nm pumped Cs, molecules into excited ro-vibrational levels of the B'II, state and collisions transferred population to the cesium atomic 6*P,,, and 6*P,,, states. A second tunable, single-mode, cw laser was then scanned across either the 6'P,,, -+ 6'D,,, or 6'P3/3 + 72D, transition while the 72P3,2 + 6'S,,3 or 72D3,2 + 6'P,,* fluorescence was monitored, respectively. In this manner, we mapped out the 6'P,,2 -+ 62D3,2 and 6*P3,2 --+ 7'0, transition lineshapes for different cell temperatures. The broadening rates were obtained from Voigt function fits to these experimental lineshapes.
In this analysis, we have assumed that the resonance broadening rate coefficient of the 62P,!, -+ 62D,,2(62P,,2 -+ 7'0,) transition is the same as that for the 62S,,2-+ 62P,,2 (6*S,,,--+ 62P3,2) transition due to the nature of the long range interaction potentials' involved. The resonance interaction between a ground state (6*S,,2) cesium atom and one in the first excited state (6'P,) can be described by the molecular potentials at large internuclear separations R, which obey:22
while the van der Waals (6'S1/2 + 6*S,,3), and the resonance quadrupole-quadrupole
interactions can be described by hC6/R6 and f&,/R', respectively.23 For a typical resonance broadening full-width-at-half-maximum, Ibr -2 x 10" sec..', and C3 -4 x lo-' cm3 sec~','6-'8 we find that the pressure broadened lineshapes are dominated by the potentials at R > 100 A. For this range, we find that C, /R3 >> C5 IRS, C,IR6 where we have estimated Cs and C, constants from values calculated for the analogous Li and Na systems by Bussery and Aubert-FrCcon.23 Therefore, ground state atom broadening of any transition involving the resonance 62PJ levels will be dominated by the resonance interaction potentials. Hence, the resonance broadening rate coefficients measured for 6*PJ -+ n2D,. transitions are, effectively, equal to that for the 6'S,:, -+ 62P, transition.
II. EXPERIMENT
A standard pump-probe experimental setup was used in this work. A cylindrical Pyrex glass cell, 7.65 cm long and 2.20 cm in diameter, containing pure cesium (no buffer gas) was placed in a brass oven with quartz windows and heated with heating tape. The temperature was monitored by three thermocouples placed at various positions around the cell. The lowest measured temperature point was varied in the range 272-326°C and it was verified that droplets of liquid metal sat at this lowest temperature position.
For cesium D, (62SI,2-62P3,2) line-broadening studies, cesium molecules were excited on the B'II, +-XIX:,+ transition at 816 nm using a tunable single-mode cw Ti : Sapphire laser (Coherent Autoscan 899-29), pumped by 10 W from an argon ion laser. Typical Ti: Sapphire laser power was 760 mW. Collisional excitation transfer from molecules to atoms then populated the 6'PJ levels:
Cs,(B'II,) + Cs(6'S,,,) -+ Cs2(X'C,f) + Cs(6'P,)
. The 6*P3,2 -+ 7*D3,3,,,2 atomic transitions at wavelengths of 698.5 and 697.5 nm, respectively, were probed using a tunable, single-mode cw ring dye laser (Coherent Autoscan 699-29) operating with LD700 dye (Rhodamine 700) and pumped by a 4-6 W krypton-ion laser. The dye laser produced -200 mW at these wavelengths, but this power was attenuated to less than 1 mW to avoid optical hyperfine pumping in the 6*P3,2 state. The pump and probe laser beams were both gently focused into the cell. They counterpropagated through the vapor and were spatially overlapped with 2.0 and 1.5 mm beam diameters, respectively. The beam diameters did not vary significantly over the length of the cell.
For D, (62S,,2-62P,,2) studies, the roles of the dye and Ti: Sapphire lasers were reversed. The dye laser, with power of -100 mW, was tuned to 755.5 nm to pump the Cs,(B'II,) state. The Ti:Sapphire laser, with power attenuated down to -1 mW was scanned across the @f',2 + 6*D312 P robe transition at 876.4 nm. In this case, neither laser was focused, but the beams were apertured to diameters similar to those used in the D2 studies.
In both cases, fluorescence was detected at right angles to the propagation direction of the lasers. For D2 studies, the ring dye laser was scanned across the 6*P9,* + 72Du2,y2 transitions while the 7*DJj2 + 6'P,,2 transition fluorescence at 672.5 nm was imaged onto the entrance slit of a 0.22 m monochromator (Spex model 1681) and detected with a photomultiplier tube (PMT). The monochromator slits were opened to 1000pm (3000 pm when signals were weak) yielding a resolution of -3.6 nm (-10.8 nm), which was sufficient to resolve the fine-structure transitions. For D, measurements, the Ti : Sapphire laser was scanned across the 6*P,,* + 6*Dy2 transition while the monochromator was set to pass the 7*P3,* -+ 6*S,,2 cascade fluorescence at 455 nm. In each case, the probe laser was chopped, and the PMT signals were processed with a lock-in amplifier and sent to one of the input channels of the Autoscan laser data acquisition system. Fluorescence was detected while scanning the probe laser for different cell temperatures ranging from 272 to 326°C. Total 6*P1/2 + 6*Sl/2 or 6*P3/2 -B 6*S1/2 fluorescence was detected using a free-standing PMT with interference filter to insure against pwnp laser drift. Transmission of the probe laser intensity was also monitored to ensure that the probe beam was not being depleted as it passed through the cell. Tests were also carried out to verify that the pump and probe lasers, either individually or in combination, did not produce significant ionization (detected through the observation of fluorescence from high-lying atomic levels populated by recombination). It was also determined that no significant population of the 6*D, and 7*PJ levels occurred through energy pooling processes," and that the probe laser by itself did not significantly populate the 6*P, levels. For each cell temperature, one or more probe laser scans were recorded. The dependence of the excitedstate-excited-state transition lineshape on probe laser power was studied to verify that there was no lineshape distortion due to optical hyperfine pumping within the 6*P, state.
III. RESULTS AND DISCUSSION
Typical experimental 6*Pl,2 + 6*Dy2, 6*P3,2 --+ 7*Dy2, and 6*P,,, -+ 7*D5,* transition lineshapes, obtained at different cell temperatures, are shown in Figs. 2, 3 , and 4. In general', these lineshapes Cesium 6P,,+6D,, are affected by natural, Doppler, and pressure broadening, as well as by hyperfine structure. Hyperfine structure of the 6'P,,* state ('33Cs has a nuclear spin I = 7/2) results in two components, corresponding to F = 3 and 4, which are split by 1.168 GHz" (see Fig. 1 ). The 6'P3,* state splits into four components corresponding to F = 2, 3, 4, 5; the splitting between the F = 2 and F = 5 levels being 604 MHz." The 62D3,, and 72D,,, states each have four hyperfine levels ranging from F = 2 to F = 5 with total splittings of 196 and 89 MHz, respectively, while the 72D5,2 state has six hyperfine levels ranging from F = 1 to F = 6 with a total splitting of 34 MHz." Allowed transitions between the two hyperfine manifolds of the studied transitions obey the selection rules AF = 0, + 1, and Am F = 0 for linearly polarized light. Therefore, the 62P,,Z --+ 62D3,2, 62P3,2 -+ 72D3,2, and 6*P3,2 + 72D5,2 lineshapes are convolutions of six, ten, and twelve allowed transitions, respectively. The Voigt function is a numerical convolution of a Gaussian (due to the Doppler effect) and a Lorentzian (due to natural and pressure broadening). It is characterized by the Voigt parameteti5 which is a measure of the ratio of the Lorentzian to Gaussian contributions to the lineshape. Av, is the Doppler width (in Hz) and is given by: and r is the Lorentzian full-width-half-maximum in angular frequency units and is given by:
I-= mat + rbr = mat + k& In these equations, & is the transition wavelength, R is the gas constant, T is the temperature, M is the cesium molar mass, T,,1 is the spontaneous emission rate (Einstein A coefficient) of the transition, kbr is the self-broadening rate coefficient, and n represents the cesium atom density. We fit the experimental lineshapes with a sum of either six, ten, or twelve Voigt functions (one for each hyperfine component). Each Voigt is weighted by the square of the dipole matrix element of the hyperfine transition, and it is assumed that the lower 62PJ hyperfine levels are collisionally populated in their statistical ratios. Because I,,, of the transitions and the hyperfine splittings of the 6*PJ states are known from Refs. 26 and 21, respectively, and the Doppler width only depends on temperature [see Eq. (2)], only the Lorentzian width I (which is approximately equal to Ibr since rbr>>Fnat) is a free parameter in each fit. From the best fit to the data, the broadening rate Ibr was found for each transition at each temperature. These measured values, which lie in the range l-5 x 10" see-', are reported in Table 1 . We report these as impact regime values, although they are only marginally smaller than the Weisskopf frequency. The best fits, along with the experimental lineshapes, are plotted in Figs. 2, 3 , and 4.
As can be seen from Eq. (3), determination of the self-broadening rate coefficients depends upon reliable knowledge of the cesium density. Determinations of atomic cesium densities generally rely on vapor pressure formulas such as Taylor-Langmuir's?' or Nesmeyanov's. 28 The latter reference is a compilation of vapor pressure data from many sources (including Taylor and Langmuir). The use of any vapor pressure formula strictly depends on measuring the temperature of the liquid metal bath in the cell, which in equilibrium is usually the cell's coldest point. However, it should be noted that the Taylor-Langmuir data only covered the temperature range -35 to 73"C, and that most of the data sets used to construct the various curves given in Refs. 27-32 do not cover the temperature range of the present experiment. Values of densities determined from these various vapor pressure formulas agree in our temperature range to only 30% or so (these values are given at a couple of representative temperatures in Table 1 ). Thus, determination of cesium densities from the use of a vapor pressure formula suffers not only from problems associated with accurately measuring the liquid metal temperature, but also from possible errors in the vapor pressure formula itself, or in its extrapolation to the particular temperatures used in the experiment. Nevertheless, we take the cesium density from the Nesmeyanov vapor pressure formula (which seems to be a good compromise among the more recent compilations) using the measured cold point temperature of the cell. Plots of the Lorentzian width F vs density for the three transitions studied in this work are shown in Fig. 5 . Least-squares straight line fits to Eq. (3) (using Fnat as the fixed y-axis intercept) yield the experimental broadening rate coefficients: k&I,) = (5.7 f 1.0) x lo-' cm3 set-' (4a) and kbr(DZ) = (6.7 + 1.1) x lo-' cm3 set-'.
The major source of error here is due to use of the Nesmeyanov vapor pressure formula to obtain the cesium density. From line-center absorption measurements of the cesium D, line hyperfine components, we were able to verify the Nesmeyanov formula at room temperature to within 4.5%, corresponding to a temperature discrepancy of 0.5"C. 24 Since this is equal to the temperature uncertainty, we believe the Nesmeyanov formula is fairly accurate in this low-temperature range. However, as stated above, the extrapolation of this temperature-density relation to the higher temperatures of the present experiment introduces additional uncertainty. Nevertheless, because of the care taken in ensuring that the temperature of the coldest point in the cell was measured, we believe a realistic uncertainty in the density is 15%. Other minor sources of error are due to statistical uncertainties in the broadening rates from the fitted line widths (-2Oh), and neglect of the van der Waals broadening and quadrupole-quadrupole broadening in the 6*Slj2 + 62S',2 and 62S,,2 + n*D, manifolds, respectively (-0.1%). Table 2 shows self-broadening rate coefficient values, for both the D, and D2 lines, obtained from previous experiments. In Refs. 6 and 7, measured C, coefficients are reported. We have converted these to kbr values by use of the purely formal expression k, = FC, . 33 The relatively high values of Ref. 6 were attributed in Ref. 7 to a systematic error in the temperature determination. In the line wing studies of Gregory,4 Chen and Phelps,' and Niemax et al,' as well as in the selective reflection measurements of Vuletic et alI3 and Akul'shin et a&l4 densities were taken from the Taylor and Langmuir vapor pressure formula. Since these densities are systematically -15% smaller than the Nesmeyanov values in the relevant temperature range, we have also presented broadening rates from these references which were re-evaluated using Nesmeyanov densities for comparison to the present work. These adjusted values are given in Table 2 in parentheses. While our D, value is in the middle of those from previous measurements, our D, value is clearly at the high end, although it can be seen that all experimental values (with the exception of Ref. 6) agree to within uncertainties. Also in Table 2 we list theoretical calculations of the broadening coefficients from Carrington, Stacey, and Cooper,'6 Ali and Griem, " Reck et al,18 and Movre and Pichler.% Here it can be seen that our measured D, broadening rate coefficient is somewhat smaller than the theoretical values, while our D, coefficient is larger. In general, our values are in best agreement with the theoretical results of Ali and Griem," although our results also agree to just within uncertainties with the Carrington, Stacey, and Cooper'6 results as well.
The ratio of our two measured rate coefficients [kbr(D,)/kbr(D2) = 1.18 + 15%] differs significantly from those obtained in previous measurements and theoretical calculations. This ratio should be relatively insensitive to systematic errors such as uncertainty in the cesium density. However, due to availability of equipment, our D, and D, broadening measurements were separated in time by several months (although the same cell and oven were used). Thus we decided to carry out one final set of measurements, at T N 298°C where both the D, and D, broadening rates could be obtained under identical conditions, including identical cesium atom density. The results from this set of measurements agreed with our previous data within error bars, and these values are included in the plots shown in Fig. 5 . However, the broadening rate ratio obtained from this final set of measurements [kbr(Dl)/kbr(D2) = 1.371 is slightly larger than the ratio of our best values for the D, and D, broadening rate coefficients reported here, but still smaller than most of the previous experimental and theoretical ratios listed in Table 2 . Finally, one additional experimental value for this ratio can be obtained from the ratio of absorption equivalent widths of the resonance lines in the regime where the equivalent width is dominated by self-broadening. In this limit it can be shown that the equivalent width W, is given by where g, and g, represent the upper and lower state statistical weights, and L is the absorption path length through the cell. 1.481 . However, at these temperatures, the equivalent widths range from 2.7 to 22A. Thus these measurements probe regions of the lineshape that are far outside the impact regime and well into the quasi-static region. It appears to us that the ratio kbr(D2)/kbr(DI) is smaller in the line core than in the quasi-static wings by perhaps lO-20%. In terms of theory, Reck et al'* and Movre and Pichler34 are both quasi-static theories which should be valid in the line wings, while Carrington et alI6 and Ali and Griem" are impact regime theories. Carrington et alI6 mention that their value for kbr(Dl ) is probably underestimated because mixing between singlet and triplet states of the emitter/perturber system does not appear in their theory, but can occur through terms of higher order than dipole-dipole. Thus they state that their value for kbr(D2)/kbr(DI) is an upper limit.
IV. CONCLUSIONS
The present measurements of the self-broadening rate coefficients of the cesium resonance lines [kbr(D,) = (5.7 f. 1.0) x 10W7cm3 set-' and kbr(D2) = (6.7 + 1.1) x 10-7cm3 see-'1 are consistent with previous experimental and theoretical studies, although the ratio kbr(D2)/kbr(D,) is somewhat smaller than predicted by theory or measured in line wing studies. These results also verify, to within experimental uncertainties, that the selective reflection method yields accurate results for line-broadening rate coefficients in the impact regime.
